Introduction
Thermal Infrared (TIR) radiance, as a rule, is "directional" (or anisotropic, or angle dependent). The TIR radiance from a smooth surface is directional because of the angular variation of the emissivity according to the laws of electromagnetism. This is not specific to emitted radiance and the reflectivity (either TIR or solar) would also be angle dependent for the same reason. However, since the TIR emitted radiance depends on both the emissivity and the temperature, retrieval of the surface temperature would require correcting the radiometric measurements for "angular emissivity" effects.
Alternatively, for any observed real system, but in particular for three dimensional (3D) systems, directionality of TIR radiance will appear because of the radiometric • Universit6 Louis Pasteur, Strasbourg, France. 2 On leave from ALTERRA Green World Research, Netherlands.
described as a weighted sum of foliage radiance and soil radiance, with the weights being the gap fraction and its complement, respectively. This paper describes a simple approach to estimate foliage and soil temperatures from measurements of directional exitance at two view angles. Three case studies are presented to document the feasibility of the method proposed and the challenges involved. The latter relate to the weakness of the angular effect, the coupling with the atmosphere and the necessity to perform accurate atmospheric corrections over a large range of view angles. The case studies were based on both field and satellite observations, the latter obtained with the Along Track Scanning Radiometer (ATSR) instruments onboard ERS-1 and ERS-2.
The choice of the simple model was a consequence of the limited number of directional observations provided by ATSR: with just two view angles and two wavelengths, the model used should not have more than four parameters. Moreover, the information provided by the two wavelengths is limited because it depends on the spectral emissivities of foliage and soil which have to be known a priori. More realistic models and algorithms require a better directional sampling, such as proposed for the ESA Land Surface Processes and Interactions Mission which would provide observations at seven view angles.
Background

Origin of TIR Radiance Anisotropy
Anisotropy is observed, for example, when sea surface wind produces wavelets leading to a variation of surface emissivity with direction [Masuda et al., 1988 ; Francois and Ottlg, 1994] . Here a clear distinction can be made between emissivity and surface temperature, which is very uniform. Something similar would be found with, for instance, ice surface [Rees and James, 1992] .
A second example is the situation with coarse resolution instruments, such as NOAA/AVHRR, over land. In this case the bidirectional reflectivity in the midinfrared (3-5 pm) window can be determined using the methods described by Li and Becker [1993] . An angular variation of the "effective" emissivity has been observed and can be accounted for using simple phenomenological models [Nerry et al., 1998 ]. With a few parameters it is possible to represent the angular variation of a macroscopic surface property, for example reflectance or emissivity, although its precise physical interpretation may be difficult. As a third example, the TIR exitance from a canopy may exhibit anisotropy as is shown below. Hence multiangular measurements are needed to document this variation and incorporate it into the retrieval of the hemispheric longwave flux. In the context of Earth observation from space, where geophysical variables are determined from the top of atmosphere (TOA) radiance, the Several studies provide evidence of large angular variations of the brightness temperature of a vegetated surface at small (local) scale. The difference between foliage and soil temperature depends on the structure of the canopy, soil moisture, and the solar elevation. Jackson and Idso [1975] found differences between bare soil and air temperature as large as 27øC. For a soybean canopy with 35% ground cover, the soil temperature exceeded the canopy temperature by 11øC and was 15øC higher than air temperature . Kimes and Kirchner [1983] , 1996] . However, at point scale, direct or inverse detailed deterministic modeling is virtually impossible, since the system must be characterized in an extremely detailed manner. Some degree of spatial integration is needed, in which case exploiting (inverting) TIR directional radiance relies on simpler models of the system.
In radiometrically heterogeneous systems, effective emissivity and effective temperature at a given scale may be defined in different ways, and values obtained vary with the definition [Becker and Li, 1995; Norman and Becker, 1995] due to the nonlinearity of the Planck's law. Moreover, effective emissivity and effective temperature are to some extent wavelength dependent.
The determination of component temperatures, i.e. foliage and soil, would contribute significantly to improve current models of heat exchange at heterogeneous land surfaces in the context of atmospheric modeling [Dolman, 1993] [Colton, 1996] . This modeling approach is quite useful for sensitivity studies or to assess the feasibility of the retrieval coupled to the atmospheric correction requirements. Except when the geometry is accurately known or can be inferred from other measurements (also from satellite), usefulness of this type of model is, however, limited since it cannot deal with the physical processes within the system, and model inversion is very sensitive to uncertainties in system properties.
Since the fluxes within the canopy are coupled to the flux above the canopy, the micrometeorological parameters have to be known. It tums out that the surface TIR directional effect is quite sensitive to ambient conditions ]. Thus for a given biome, the TIR-emitted radiance may reverse the sign of its angular variation with zenith angle (i.e. decrease or increase with increasing zenith angle), or even show no variation at all.
This category of models may not lead to efficient algorithms to retrieve land surface properties. Nevertheless, radiative transfer models are extremely useful for (1) evaluating the order of magnitude of the angular effect that can be expected and (2) comparing what is observed with outputs of models. It is worth noting that the modeled anisotropy is in no case large, no more than a few Kelvins only if radiance is observed at large (> 60 ø) zenith angles in addition to nadir viewing.
2.2.3. Radiative transfer in an inhomogeneous thick vegetation layer. This can be statistically described by an angle-dependent "gap fraction" or "gap frequency" P(0) [Nilson, 1971] . This approach represents an intermediate situation between the two categories mentioned above. It allows the directional TIR radiance to be described as a weighted (by P(0)) contribution of vegetation radiance (foliage radiance) and soil radiance. Inverting directional TIR radiance may be used to retrieve vegetation temperature and soil temperature, assuming, for instance, an angle dependent canopy emissivity. A detailed and comprehensive discussion of direct and inverse modeling is found in the work of Francois and Ottld [1997] .
The advantage is that the gap fraction can be correlated with measurements of directional spectral radiance in the visible-NIR domain [Baret et al., 1993 [Baret et al., , 1995 (Table 1) were done by means of towers, radiometers, automatic weather stations, and by means of additional eddy correlation and Bowen ratio devices during several short-term intensive observation periods. For this study we selected one of the main HEIFE sites, named ZhangYe located in the central part of a large oasis with crops such as beans, corn with orchards covering a more limited area, and windbreaks distributed around it. At the 1 km spatia• resolution of ATSR this area is relatively homogeneous. Lowlevel radio-sounding measurements were carried out to obtain more detailed information on the atmospheric boundary layer than the one provided by standard radiosoundings.
At HEIFE and IMGRASS sites, meteorological standard radiosoundings closest to the satellite passing time were collected to determine atmospheric correction. Surface brightness temperatures were also measured using a radiometer (EKO Thermo-Hunter) operating in the spectral Table 2 . The SGP 1997 case study was done using detailed radio soundings collected during the intensive observation period in June and July 1997.We note finally that all radiative transfer calculations used in this study were done taking into account elevation and surface pressure of the different sites.
Data Screening
The 
Results
Retrieval of Tv and Ts, Case Study Based on Field Measurements (IMGRASS)
With the measurements of directional brightness surface temperature at three view angles, for example, 0 ø, 23 ø and 52 ø, Tv and Ts are retrieved using equations (6) and (7). The LAI of the observed target was measured, and it was 0.5 corresponding to fc=30%. This reduced the number of unknowns to 2, and a reduced system of two equations for each pair of view angles was used. The radiometer used for these measurements has only one band from 8 iam to 13 iam. Mean spectral emissivities were taken as 0.98 for vegetation used in the analysis of the SGP 1997 ATSR data set. We have then computed at-satellite brightness temperatures at both view angles and wavelengths for a given set of arbitrary atsurface brightness temperatures. These at-satelite 
Impact of Spatial Heterogeneity on the Retrieved Soil and FoliageTemperatures
The difference in the ATSR footprint at the ground in the nadir and forward views is significant: 1 km x 1 km at nadir; 1.5 km x 2.0 km in the forward view. When observing heterogeneous land surfaces, a significantly different target may be observed in the forward view only. To estimate soil and foliage temperatures, we have to assume that the target is statistically homogeneous in both view directions and that anisotropy in observed radiance is due to the varying fractions of soil and foliage in the IFOV.
We have done a simple evaluation of this effect for two situations: (1) full canopy in the nadir view surrounded by bare soil viewed in the forward direction only; (2) partial 
Retrieval of Tv and Ts, Case Studies Based on ATSR
Data
The component temperatures of heterogeneous land targets, Tv and Ts, were derived using the inversion method described in section 5. In the HEIFE area ( Figure 4) 
Summary and Conclusions
This study describes the evaluation of a simple mixture model to interpret directional measurements of exitance. Such directional spectral measurements have the potential of leading to fundamentally new insights on heat exchanges at heterogeneous land surfaces. We have applied this simple model to field measurements collected during the IMGRASS field experiment, to one ATSR-1 data set collected during the HEIFE experiment and two ATSR-2 data sets collected during the IMGRASS and SGP 1997 experiments.
The study underscores both the opportunities and the challenges of these novel spectral and directional observations. On the one hand, the analysis of accurate field observations of a well-identified target have shown that the simple mixture model is applicable and that it provides accurate estimates of component temperatures. On the other hand, the analysis of the three ATSR data sets underscored the challenges in this approach. The directional signal is marginally larger than experimental errors. The latter are due to two main sources: insufficient knowledge of atmospheric state and spatial heterogeneity in combination with the different footprint of ATSR in the nadir and forward views.
We were not able to perform a proper validation of our estimates of foliage and soil temperatures obtained with ATSR observations. This would require: (1) collection of field measurements with a radiometer having a large field of view and spectral channels identical to the spectral channels of ATSR; (2) a relatively large number of simultaneous field measurements with a sufficiently large footprint to average local heterogeneity. Our algorithm was validated with field measurements of directional exitance. We have also shown that our algorithm gives estimates of LAI consistent with independent observations in the visible and near-infrared spectral range and that field measurements of brightness temperature are consistent with the estimates of foliage and soil temperature. 
